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CHAPTER

I

INTRODUCTION
A saprophytic, fluorescent pseudomonad, Pseudo¬
monas putida (Trevisan) Migula, was isolated in our
laboratory from an over-ripe tomato fruit.

This

bacterium was originally selected for its ability to
inhibit ^ vitro Erwinia carotovora subsp. carotovora
(Jones) Dye, the causal agent of bacterial soft rot of
potato (Hinteregger,

1980).

In addition to m vitro

antibiosis against E. carotovora subsp. carotovora and
a variety of other bacterial and fungal plant pathogens,
the isolate, P. putida M17, reduced soft rot of
potatoes in field studies
Mount,

(Colyer, 1983; Colyer and

1982).
Since this organism had potential for use as a

biological control agent, its effect on beneficial
organisms such as various Rhizobium species needed to
be determined.

In a previous study (Grimes,

1982;

Grimes and Mount, 1982), P. putida M17 was found to
inhibit ^ vitro R. phaseoli Dangeaard, the nodulating,
nitrogen fixing bacterium of the common bean (Phaseolus
vulgaris

(L.) Burk).

However, in the field, nodulation

by R. phaseoli was stimulated by the addition of

1
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P.

putida M17.

Despite this increase in nodulation,

no increase in yield resulted.
Since the discovery in 1883
Wilfarth,

1888)

(Hellriegel and

of the symbiotic association between

legumes and Rhizobium spp.,

scientists and growers have

been inoculating legume seeds with rhizobia at planting
to increase nodulation which in turn increases nitrogen
fixation and yield.

Yield is more dependent on nodula¬

tion in a soybean plant

(Glycine max (L.) Merrill)

than in the common bean plant
tion,

(Nutman,

1976).

In addi¬

the soybean crop is of greater economic importance.

Soybeans are a major source of both protein and oil in
the'human diet in Asiatic countries
Today,

(Berg,

1967).

the United States is the world leader in the

production and exportation of soybeans
Shurtleff,
study were:

1980).
1)

soybean seeds

Thus,

(Sinclair and

the objectives of the present

to determine if the inoculation of
(Cultivar

j aponicum (Kirchner)

'Evans') with both Rhizobium

Buchanan and P. putida Ml7 would

result in an increase in nodulation and yield above that
obtained by inoculating seeds with R.
2)

j aponicum alone;

and to determine the ability of P. putida M17 to

colonize the rhizoplane of the soybean cultivar

'Evans.'

CHAPTER

II

LITERATURE REVIEW

Bacterization is the treatment of seeds or
seedling roots with bacteria to improve plant growth
(Brown,

1974).

These inoculants are frequently referred

to as bacterial fertilizers.

The classic example is the

inoculation of legume seeds with Rhizobium,

and commer¬

cial preparations of Rhizobium are sold throughout the
world.

The use of bacteria other than rhizobia to

improve plant growth was pioneered in the Soviet Union
with such organisms as Azotobacter chroococcum and
Bacillus megaterium var. phosphaticum (Mishustin,
Mishustin and Naumova,

1963;

1962),

Azotobacter chroococcum and B, megaterium var.
phosphaticum were originally selected for their ability
to fix atmospheric nitrogen and to mineralize organic
phosphorus, respectively

(Mishustin and Naumova,

1962).

Commercial production of these bacteria in the Soviet
Union began in 1937 for A.

chroococcum and in 1947 for

B. megaterium var. phosphaticum.
inoculants were referred to as
'phosphobacterin,'

Eventually,

*azotobacterin*

these
and

respectively.

Despite widespread usage of 'azotobacterin*

3

and

4

*phosphobacterin* in the Soviet Union;

treatment with

these inoculants did not always result in improved
plant growth and/or yield.

IThen there was an effect

on crop yield it usually amounted to an increase of
only 10-20 percent (Cooper, 1959; Mishustin, 1963).
In general these preparations performed best in fertile
soils with added minerals and the moisture content at
field capacity (Cooper,

1959).

Consequently, Mishustin

and Naumova (1962) proposed that these inoculants did
not improve plant growth simply by increasing the
nutrient supply.

It was then recognized that these

organisms should supplement mineral fertilizers rather
than replace them.

This prompted Soviet researchers to

experiment with bacteria other than A, chroococcum and
B. megaterium var. phosphaticum.
Mishustin and Naumova (1962) themselves observed
plant growth of several crops as a result of treatment
with 24 different species of actinomycetes, bacteria,
and fungi.

Of all the microorganisms tested, pseudo¬

monads were the most effective in stimulating plant
growth.

Yield increases after treatment with pseudo¬

monads were at times greater than the 10-20 percent
yield increases reported from treatment with other micro¬
organisms.

This was attributed to the closer association

of pseudomonads with the root system and their ability

5

to mineralize larger quantities of phosphorus.
Samstevich (1964) incubated silicate bacteria
for 7 days with ground and washed window glass.

The

potassium content of the mixture increased from 0 to
4-5 mg of K/lOO g of glass.

He concluded that silicate

bacteria could supplement mineral fertilizers by re¬
leasing potassium from soil silicates.

In other experi¬

ments, Samstevich (1964) observed that Clostridium
pasteurianum and Lactobacillus plantarum increased the
yields of corn and alfalfa, respectively.

An explana¬

tion as to mode of action was not provided.
In the late 1950*s and early 1960's, after the
Soviets began experimenting with bacterial inoculants
other than ’azotobacterin* and ’phosphobacterin’,
scientists from other coimtries became interested in
research involving the use of bacterial fertilizers.
Vancura and Macura (1959) found that inoculation of oat
seeds with Azotobacter increased yields from 16 to 21
percent in field studies.

However, in subsequent

experiments with barley, no significant increase in
yield occurred (Vancura ejt

, 1959) .

Rhakno and Ryys

(1963) treated wheat seeds, potato seed pieces, and
cabbage seeds with suspensions of Azotobacter and
reported yield increases of 16, 25, and 33 percent,
respectively.

Brown et al,

(1968) inoculated barley

6

seeds with Azotobacter and then planted the seeds in
poor soil.

They reported a 41 percent increase in ear

weight over controls.
of com,

tomato,

Rovira (1963)

inoculated seeds

and wheat with Azotobacter,

and a N-fixing faculative Bacillus.

Clostridium,

The seeds were then

planted in a nutrient deficient sand and a fertile silt
loam.

In sand, Azotobacter and Clostridium inoculated

wheat plants had a signficantly higher yield than
noninoculated control plants.

Corn and tomato plants

were unaffected by inoculation with any of the bacterial
isolates in sandy soil.

In silt loam,

corn,

tomato,

and wheat plants inoculated with Clostridium produced
significantly greater yields than noninoculated control
plants.

Com and wheat plants inoculated with Azoto¬

bacter and planted in the silt-loam soil type,

resulted

in significantly greater yields compared to the non¬
inoculated control plants.

Only wheat plants responded

significantly to inoculation with Bacillus and this
yield increase occurred in the fertile silt-loam soil
type.
Broadbent,

^

(1977)

plants with a Bacillus isolate.

treated a variety of
Results for most plant

varieties showed a 25 percent increase in germination
and top weight under greenhouse conditions.
studies,

In field

greater yields were reported for cabbage and
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soybean plants treated with this same isolate.
another study (Merriman et al.,
barley,

1974b),

In

inoculation of

oat and wheat plants with either B.

subtilis or

Streptomyces griseus resulted in an increase in tillering
and yield.

A decrease in disease incidence caused by

Rhizoctonia solani as a result of inoculation with one
or both of these bacterial isolates was noted (Merriman
et al.,

1974a).

Price et al.

(1973) observed growth and

yield increases in various cereals and carrots treated
with both Azotobacter and Bacillus isolates.
Hayes e^

(1969) reported that mushrooms

(Agaricus bisporus)

treated with P. putida produced more

sporophores than untreated controls.
Gaur

Kavimandan and

(1971) obtained increases in the dry weight of com

plants treated with a pseudomonad isolate.

Field grown

potatoes inoculated with specific isolates of P.
fluorescens and P. putida increased yields from 14 to
33 percent

(Burr et al.,

(Suslow et al.,

1979),

1978).

In a similar experiment

sugar beets, potatoes,

radishes had improved yields of 15,

33,

and

and 144 percent,

respectively when treated with psuedomonad isolates.
As previously mentioned, bacterization leading
to enhanced plant growth and yield was originally thought
to be the result of increased availability of nutrients;
in particular nitrogen and phosphorus

(Cooper,

1959;

8

Menkina,
1962).

1963; Mishustin,
Since then,

been proposed.

1963; Mishustin and Naumova,

three additional modes of action have

These mechanisms are production of plant

growth-promoting substances,
microbial population,
inoculants

changes in the rhizosphere

and disease suppression by the

(Broadbent e£ al.,

1977;

Brown,

1974;

Cooper,

1959; Kloepper and Schroth,

1981b; Mishustin and Naumova,

1962).

all, or various combinations

It may be that one,

of these mechanisms are operating at a given time.
Phosphorus occurs in soils as organic phosphorus
derived from plant and animal residues,

or as inorganic

phosphorus produced from the weathering of parent rock
(Brown,

1974).

The only form of phosphorus available

to the growing plant is the monovalent anion H2P0^
(Taha et al.,

1969).

Similarly, plants lack the ability

to fix atmospheric nitrogen.

Reports of increased plant

growth and yield as a result of greater availability of
these nutrients by bacterization agents, has not been
restricted to the Russian literature
Estermann and Mclaren,
and Bose,
and Sinha,

1961;

Gerretsen,

1959; Kavimandan and Gaur,
1963;

(Brown,

Swaby and Sperber,

1948;

1971;
1959;

1974;
Katznelson

Sundara Rao
Taha et al.,

1969).

The bacteria most often utilized in these studies

were A.

chroococcum,

P.

fluorescens.

B. megateriijm var. phosphaticum,

and

9

Since yield increases by bacterial inoculants
tend to occur when mineral and organic fertilizers are
present in optimum amounts,

some researchers feel the

amoimt of phosphorus or nitrogen provided by these micro¬
organisms is insignificant
1978;

Cooper,

1959;

1981b; Mishustin,

Jensen,

1963).

a good nutrient source
lizers)

(Brown,

1974; Burr e^ al.,

1942; Kloepper and Schroth,

They suggest the presence of

(i.e.

organic and mineral ferti¬

allows the inoculants to multiply more actively

and exert a stronger influence on the plant through a
mechanism other than mineralization of phosphorus or
fixation of atmospheric nitrogen.

Jensen (1942)

observed inoculation of peas with both Azotobacter spp.
and cellulose decomposers to improve plant growth more
than Azotobacter spp.

alone.

This was attributed to use

of cellulose decomposition products by Azotobacter spp.
as an energy source.

In contrast, Gerretsen (1948)

stated that in newly reclaimed land the number of active
soil microbes is low.

Therefore, he expected that the

rate of microbial solubilization of minerals would be
much slower than in cultivated,

fertilized soils with a

rich and varied microbial population.
Krasilnikov and Korenyako (1944)

developed an

in vitro test for phosphate solubilizing activity.

Soil

samples or microorganisms were incubated in petri plates

10

containing phenophthalenen phosphate.

Phosphatase

activity was measured by the ability to free phenophtha¬
lenen.

Free phenophthalenen was made visible by the

addition of an ammonia solution.
(Katznelson and Bose,
Raghu and Macrae,

Some researchers

1959; Louw and Webley,

1966)

1959;

took ^ vitro solubilization of

phosphorus to be a direct measure of phosphorus solubi¬
lization in soil.

However,

those enz5nnes produced in

vitro may become absorbed to clay minerals and/or
metallic sesquioxides in the soil,
inactive

(Martin,

1972;

thus rendering them

Ramirez-Martinez,

1968).

Some bacteria produce 2-ketogluconic acid,
phosphorus chelating compound.

a

This may account for

increases in available phosphorus and hence plant growth
promotion
1959).

(Louw and Webley,

1959; Katznelson and Bose,

Production of this substance is related to the

metabolic activity of the bacterium which is,

in turn,

influenced by other factors and suggests mineralization
of phosphorus as an indirect effect of another mechanism.
In 1971, Martin and Cartwright demonstrated the
amount of phosphorus incorporated by rye grass from
myoinositol hexaphosphates in the soil could be measured
using the radioisotope

32

P.

This suggested the possibi¬

lity of measuring the effect of rhizosphere micro¬
organisms on the incorporation of phosphorus.

Martin

11

30

(1971),

using

‘■P labelled myoinositol hexaphosphate,

observed rhizobacteria from wheat to have no effect on
phosphorus availability.

This suggested,

increased

phosphorus content of treated plants may be due to
increased absorption,

not mineralization.

For example,

plant growth-promotion may be stimulated by another
mechanism which results in larger plants that absorb
more phosphorus than untreated smaller plants.(Lynch,
1982).
Researchers
et al.,

(Azcon-Aguilar and Barea,

1978;

Raj

1981) have reported increases in nodulation and

yield of legumes as a result of seed treatments consisting
of vesicular-arbuscular mycorrhiza (VAM),
Pseudomonas isolates,

Bacillus and/or

and the recommended Rhizobium spp.

Their results indicated that Bacillus and Pseudomonas
mineralize phosphorus to an available form, while the
VAM increased root growth and thus the absorptive area.
Since phosphorus is necessary/ for nodulation by rhizobia,
the combined inoculation resulted in an overall increase
in nodulation and hence yield.
Several bacterial isolates produce vitamins and
hormones in culture (Brown,
Hussain and Vancura,
Lcchhead,
1961).

1970;

1972;

Brown and Walker,

f^tznelson and Sirois,

1958; Mishustin and IJaunova,

1970;

1961;

1962; Vancura,

However, production and availability of these
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plant growth-promoting substances in soil is not clear.
Cooper (1959) found mixed cultures of Azotobacter,
Pseudomonas,

and Radiobacter produced more indole acetic

acid and pantothenic acid than cultures containing any
one isolate alone.

This corresponded to field results

in which cotton plants treated with all three bacteria
grew better than plants inoculated singly.
Tomato seeds treated with gibberellins resulted
in elongated stem intemodes,

leaf expansion, more flower

buds,

and early plant maturation (Brown and Burlingham,

1968;

Brown e£ al.,

1968).

These same changes in plant

development were produced using 14-day-old cultures of
Azotobacter.

Similarly,

the changes observed in root

development as a result of treatment with auxins, were
the same developmental changes produced using the 14-dayold cultures.

Since the plants developed the sane

whether treated with hormones or bacteria,

it was conclu¬

ded that growth regulators produced by the bacteria were
responsible for the observed changes in plant growth.
Katznelson and Cole
actinomycetes,

(1965)

isolated several species of

arthrobacters,

rhizosphere of numerous crops.

and pseudomonads from the
These microorganisms

promoted plant growth in the field and produced gibberel¬
lins in culture.

However,

application of gibberellins

directly to the soil did not result in a stimulation of

13

plant growth.

They concluded that hormones are rapidly

inactivated and/or degraded in the soil.
Eklund (1970)
with Pseudomonas spp.

treated peat grown cucumber seedlings
and noted increases in leaf expan¬

sion and internode elongation.

This was attributed to

the production of gibberellin-like substances and quinones.
The pseudomonads may have converted phenolics present in
the peat to quinones.

Quinones may play a role in

protecting plants from pathogens

(Lyr,

increasing the health of plant roots,
growth compared to controls.

1965),

thereby

and improving their

In addition,

quinones may

be further polymerized to humus-like substances
1974).

(Brown,

Increases in humus-like substances may improve

plant growth by stimulating salt-uptake and thus plant
metabolism.

More experimental evidence is required

because humus-decomposition products are complex and a
number of undetected interactions may be occurring
between the humus and soil fractions that could also
stimulate plant growth (Brown,

1974).

While bacteria mimic the effects of hormones,
production of plant growth-promoting substances may not
be the only mechanism at work.

Growth regulators

produced by incoulants may act indirectly by stimulating
other microorgniams that in turn effect plant growth
(Jackson et al.,

1964).

This should be taken into

14

consideration when making conclusions from the results
obtained.
It has been suggested that plant growth-promotion
is the result of interactions between introduced inoculants and the rhizosphere microflora
Cooper,
1981b).

1959; Mishustin,

(Brown,

1974;

1963; Kloepper and Schroth,

These interactions may involve antagonism towards

deleterious microorganisms.

Deleterious microorganisms

have been defined as slightly parasitic or quasi patho¬
gens

(Suslow e^ al.,

1979).

Kloepper and Schroth (1981c)

propose that antibiotic or bacteriocin production enhances
the capacity of the producers to colonize root surfaces
and compete for nutrients in the rhizosphere.
bacterization agents,
tory compounds,

Thus,

through the production of inhibi¬

competitively displace deleterious

microorganisms from the root surface and improve plant
growth.

Furthermore, rhizosphere microbes are thought

to play a role in altering cell permeability in localized
areas of the root systems of higher plants
1961).

(Rovira,

Bowen and Rovira (1976) reported that mildly

pathogenic microbes increased cell permeability and
electrolyte loss far more than saprophytic root colonizers,
thus affecting plant growth.

They concluded that the

introduction in high numbers of competitive root
colonizers in order to displace these microorganisms

15

would improve plant growth.
Reports of antibiotic production by microorganisms,
in particular pseudomonads,
Bowen and Rovira,
vic,

1976;

are numerous

Brian,

1980; Nair and Fahy,

Chan and Katznelson (1961)

(Baker,

1968;

1957; Howell and Stipano-

1976; Vrany e^ al.,

1981).

deomonstrated suppressed

growth of Arthrobacter globiformis by pseudomonads in
soil extracts and in culture.

Toxic compounds produced

by the pseudomonads were believed to be responsible for
the inhibition.

Sieburth (1967)

found an inverse rela¬

tionship between arthrobacters and pseudomonads in soil
and sea water.

A toxin-type substance and an agglutina¬

ting compound were detected in pseudomonad cultures.
Researchers in California developed specific
pseudomonad isolates genetically marked for resistance
to selected antibiotics
bacteria,

(Burr e^

,

1978).

inoculated onto seed surfaces,

These

could be

reisolated throughout the growing season from the rhizoplane and rhizosphere,

and their populations determined.

Studies utilizing marked isolates helped to verify their
existence, multiplication,
growth promotion

and implied role in plant

(Burr e_t ^. ,

1980a; Kloepper e^ al^. ,

1980b; Kloepper and Schroth,

1981a; Kloepper and Schroth,
1981c; Kloepper e^ al^. ,

1978; Kloepper e^ al. ,

1981b; Kloepper and Schroth,

1980c;

Suslow ^ al. ,

1979;

16

Suslow and Schroth, 1982a; Suslow and Schroth, 1982b).
The role of antibiotics in inhibiting other micro¬
organisms in the soil has not been conclusively deter¬
mined (Kloepper and Schroth, 1981c).

^ vitro production

of antibiotics does not guarantee production of anti¬
biotics under field conditions
Pramer,

(Pinck e^ al., 1961;

1958; Siminoff and Gotlieb, 1951; Soulides ^ al. ,

1961; Soulides et al., 1962).

Antibiotics may become

inactivated in the soil due to absorption onto caly or
humus particles, microbial degradation, or pH conditions
(Baker, 1968; Baker and Cook, 1974).
Kloepper and Schroth (1981c) developed pseudomonad
mutants that no longer produced any inhibitory compounds.
In addition, to follow colonization, both wild-type and
antibiotic negative mutants were genetically marked for
resistance to the antibiotics rifamycin and nalidixic
acid.

Potato seed pieces were treated with either the

wild-type plant growth-promoting pseudomonad isolates or
their corresponding antibiotic-negative mutants.

Both

wild-type and antibiotic negative mutants colonized the
rhizoplane to the same extent.

Potato seed pieces

treated with wild-type isolates resulted in reductions
in rhizosphere fungi and gram-positive bacteria, and was
accompanied by a corresponding increase in plant yield.
Despite colonization of the rhizoplane by the antibiotic

17

negative mutants,

inoculation with them did not result

in a decrease in the rhizosphere microorganisms or an
increase in plant yield.

These results indicate the

mechanism involved is related to antibiotic production in
the root zone and the subsequent displacement of dele¬
terious microorganisms.
Radish seeds were inoculated with plant growthpromoting pseudomonads and grown under either gnotobiotic or non-sterile conditions
1981b).

(Kloepper and Schroth,

Radish seeds grown under gnotobiotic conditions
I

did not produce larger plants than water-treated controls,
despite colonization by the pseudomonad isolate.
non-sterile conditions,

Under

radish seeds treated with the

pseudomonad isolate produced significantly larger plants
than water-treated controls.

It was concluded that

increases in plant growth were the result of interactions
between the inoculant and native root flora.
Suslow and Schroth

(1982a;

1982b)

isolated bacteria

and fungi from sugar beet roots that reduced seedling ger¬
mination,

the number of root hairs,

and shoot fresh weight.

cotyledon expansion,

These deleterious microorganisms

also caused root necrosis and stunting of the sugar beet
plants.

Sugar beet seeds coinoculated with plant growth-

promoting pseudomonads and these deleterious rhizobacteria
resulted in decreased colonization by the deleterious
rhizobacteria and an increase in plant growth and yield.
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With many strains of plant growth-promoting pseudo¬
monads,

in vitro antibiosis appears related to the produc¬

tion of a fluorescent siderophore
1982).

Siderophores are microbial iron transport agents

(Kloepper et al.,
1982;

(Schroth and Hancock,

1980a; Kloepper et a]^.,

Suslow and Schroth,

1982b).

1980b;

Suslow,

Microorganisms that

produce siderophores efficiently chelate environmental
iron, making it less available to deleterious microorgan¬
isms.

Addition of the siderophore, pseudobactin,

to soil

resulted in increases in plant growth and reductions in
rhizosphere bacteria and fungi
In contrast,

(Schroth and Hancock,

1982).

addition to soil of mutants that lacked the

ability to produce the siderophore,

caused no decrease in

deleterious rhizosphere microorganisms,
was not improved.

and plant growth

It may be these deleterious micro¬

organisms do not produce siderophores, produce comparitively less siderophores, or produce siderophores that
have less of an affinity for iron than those produced by
plant growth-promoters

(Kloepper et al,,

1980a),

The controvery surrounding the mode of action of
these bacterization agents suggests they can no longer
be referred to as bacterial fertilizers.

Samstevich

(1964) proposed these inoculants be spoken of as soil
biopreparations.

In recent literature,

those micro¬

organisms that stimulate plant growth are commonly known
as plant growth-promoting rhizobacteria (PGPR)

(Suslow
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et al.,

1979).
Successful delivery systems that introduce and

allow bacteria to remain viable are limited.
studies,

In most

seeds are inoculated by soaking in a liquid

suspension of the appropriate bacterium (Burr et a^,,
1978; Kloepper e^ al.,

1980c; Merriman et al,,

1974b).

Bacterial inoculants have been successfully introduced
in peat formulations
and Fahy,

1976;

(Davidson and Reuszer,

Roughley and Vincent,

1978;

1967).

carrier of the bacteria should be uniform,

Nair

The

small in size,

and able to be delivered with conventional farm
machinery

(Backman and Rodriguez-Kabana,

1975).

Storage

life as well as the amount of inoculant necessary to
improve plant growth must also be considered.

A few

delivery systems have been developed that are superior
to liquid and peat inoculation methods.
tions include propagule pellets
Kabana,

(Backman and Rodriguez-

1975) and bacterial powders

Schroth,

These formula¬

(Kloepper and

1981b).

Some researchers
and Rovira,

(Chang and Kommedahl,

1976; Henis et al.,

Weinhold and Bowman,

1967;

1968;

Papavizas,

Cook

1963;

1968; Williams and Smitthenner,

1962) used the approach of magnifying the population of
PGPR already present in the soil.

This involved

amending the soil with various substrates such as chitin.

20

oat straw,

bean,

or soybean residues that favored the

development and multiplication of PGPR and not other
microorganisms.
The commercial success of PGPR will depend on
researchers obtaining consistent,
significant results.
length,

statistically

Differences in factors such as day

length of growing season,

plant species,

positive,

soil fertility,

light intensity,

and soil moisture,

pH,
can

account for variation in plant responses to bacterization.
Thus,

detailed conditions for use of a particular

bacterial isolate must be obtained in order to ensure
its success as a commercial product.

CHAPTER

III

MATERIALS AlHD METHODS

Bacterial Isolates and Culture Conditions

Bacterial isolates
Pseudomonas putida M17 was originally isolated
from an over-ripe tomato fruit by Richard Mytkowicz,
University of Massachusetts,
logy.

Department of Plant Patho¬

This isolate, P. putida M17, was genetically

marked for resistance to the antibiotics rifamycin SV
(Sigma)

and nalidixic acid (Sigma) by Patrick D.

University of Massachusetts,

Colyer,

Department of Plant Patho¬

logy, using the procedure of Kloepper et

(1980c).

Rhizobium j aponicum was obtained from the
Nitragin Company, Milwaukee, Wisonsin;

and was packaged

as a powdered peat mixture containing 10^ viable cells
per gram.

Culture conditions
Pseudomonas Dutida M17 was maintained on nutrient
agar (NA,

Difco)

slants at 23 C.

The P. putida M17

genetically marked with resistance to rifamycin SV and
nalidixic acid, was maintained at 23 C on Pseudomonas
Agar F (Difco) amended with 100 pg/ml each of

21
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rifamycin SV and nalidixic acid.
One strain of R.

japonicum was isolated from the

Nitragin Company's powdered peat mixture.

This bacterium

was then maintained on yeast mannitol agar

(YEM:

K2HP0^;

0.02% MgSO^

'

7H2O;

0.04% Difco yeast extract;
The R.

0.01% NaCl;
1.5% agar)

0.057o

1.0% mannitol;

slants at 26 C.

1aponicum was isolated for use in growth inhibi¬

tion studies.

Inhibition of Rhizobium Japonicum by
Pseudomonas putida

(Isolate M17)

The ability of bacterial strains to produce an
antibiotic in a solid medium and thus inhibit other
organisms,

can be screened by the use of a soft agar

overlay technique developed by Vidaver e_t
Growth inhibition of R.

japonicum by P.

(1972) .

putida M17

was tested by a modification of this procedure.

Petri

plates containing a bottom layer of 25 ml of nutrient
agar, were spotted in the center with a drop of an over¬
night culture of P.

putida M17.

then incubated at 24 C for 48h.
incubation,

The petri plates were
Upon completion of

the petri plates were exposed to chloroform

vapors for Ih to kill the bacterium.
killing process,

The chloroform

involved inverting the bottom of the

petri plates containing P.

putida M17 over glass petri
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plates containing a chloroform saturated 5.5 cm
diameter, Whatman #1 filter paper.
During the chloroform process,

screw cap test

tubes containing 3.0 ml of sterile soft agar

(0.6% water

agar) were placed in a boiling water bath until liqui¬
fied.

Once liquified,

the test tubes were placed in a

water bath maintained at 55 C.
After exposure to the chloroform vapors,

the

petri plates were turned right side up and the original
covers replaced.

The petri plates were then left

standing an additional 30 minutes under a sterile hood
to allow excess chloroform vapors to dissipate.

One-

tenth of 1 ml of an overnight culture of R. j aponicum
was then added to the test tubes containing liquid soft
agar.

This inoculated soft agar was then poured evenly

over the chloroformed P. putida M17 spots.
plates were then incubated at 24 C for 24h.

The petri
Growth

inhibition was indicated by a clear zone surrounding
the chloroformed P. putida M17 spots.
As a control,

P.

putida M17 was tested for inhi¬

bition against itself and E.
vora,

strain EC14.

in triplicate.

carotovora subsp.

caroto-

All tests for inhibition were done

24

Bacterization of Seeds

Field studies
Soybean cultivation and inoculation.
seeds of the cultivar
William I.

Boyd,

Soybean

'Evans' were obtained from

Inc., Phelps, NY.

Cultivar

'Evans'

is an indeterminate soybean that requires approximately
117 days to mature in Massachusetts.
Seeds were soaked for 15 minutes in suspensions
of P. putida M17,
japonicum,

P.

putida M17 plus R.

japonicum, R.

or in sterile distilled water as a non-

inoculated control.

Several liters of P. putida M17

were grown for 48h at 25 C in nutrient broth
plus 0.47o casamino acids

(Cat, Difco) .

(NB, Dfco)

Bacterial cells

were washed twice in sterile distilled water by centri¬
fugation at 9000

X

g for 10 minutes.

The final concen-

g
tration of bacteria was 10
iaponicum,

CFU/ml.

Rhizobium

in its powdered peat formulation, was mixed

with a small amount of water to form a slurry.

For the

combination treatment, P. putida M17 was prepared as
above and mixed with the powdered peat R.
formulation;

j aponicum

the result of being a slurry of the two

bacteria.
After soaking the seeds,

they were planted 4 cm

deep at a seeding rate of 20 plants per meter of row.
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The experimental design was a complete randomized block.
There were six blocks with each treatment represented
once in each block for a total of 24 individual plots.
Each plot was 5 meters long by 2 meters wide containing
9 rows of soybeans spaced 50 cm apart.

The space

bewteen plots was 2 meters on all sides.
Just prior to planting,

the entire field was

fertilized at a rate of 448 kg per HA of 0-20-20 NPK.
The soil pH was adjusted to 6.2 by the addition of lime.
Throughout the growing season, weeds were removed
manually.
In 1982 the research plots were located at
Montague Fields in Amherst, Massachusetts.

The soil type

at this location was a Hinckley fine sand (Typic Udorthent)

that had been cropped to corn in 1979 and green

beans in 1980 and 1981.

In 1983 the experiment was

repeated at this same location and at Kuzmeski Farm in
Sunderland, Massachusetts.

The soil type at the Kuz¬

meski Farm was a Hadley silt loam (Typic Udifluvents).
The two previous years,
corn and tomato,

this site had been cropped to

respectively.

Planting dates were

May 26 and May 27 for Montague Fields
respectively.

in 1982 and 1983,

Soybeans were planted on June 1 in 1983

at the Kuzmeski Farm.

At Montague Fields,

all plots

were watered immediately following planting and thereafter
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as needed in order to maintain bacterial viability.
There was no available water source at the Kuzmeski
Farm.

In both years,

all data was statistically

analyzed using Duncan's New Multiple Range Test,

Nodulation analysis.
maturity,

As the plants approached

just prior to the onset of senescence,

20

plants per plot were removed and the roots carefully
shaken to remove excess soil.

The number and location

of nodules on the root system were recorded.
In the 1983 growing season, nodule dry weight was
determined as an additional parameter.

The nodules

removed from the 20 plants per plot were oven-dried at
80 C to a constant weight.

Root and shoot dry weights.
plants sampled for nodulation data,

Using the same 20
shoot and root dry

weights were analyzed by oven-drying at 80 C to a con¬
stant weight.

From this data,

shoot to root ratios were

calculated.

Seed yield and yield component analysis.

Final

seed yield was obtained at maturity by harvesting plants
in a 2,0 m

2

area from the center of the plots.

Plants

were hand-threshed and the seeds oven-dried at 80 C to
a constant weight.

27

The components of seed yield are the planting
density,

the number of pods per plant,

seeds per pod,
1983),

and the seed size

the number of

(Herbert and Litchfield,

Plant populations were determined by counting

the number of plants harvested from each of the 2.0 m
areas.

2

An additional 20 plants in each plot were har¬

vested at maturity for the remainder of the yield
component analysis.

Height and number of nodes on the main stem.
Plants harvested for yield component analysis, were also
analyzed for differences in height and number of nodes
on the main stem.
line upward.

Height was measured from the soil

Nodes were counted beginning with the

unifoliate node above the cotyledon scars.

Seed
At maturity,

analysis for phosphorus and nitrogen content.
two seed samples

(each, one gram in size)

from every plot were analyzed for phosphorus and nitro¬
gen content.
Morgan,

The analyses were performed by Ralph M.

Official Chemist,

at the Feed,

Seed,

lizer Laboratory, West Experiment Station,
Massachusetts.

and Ferti¬

University of

Nitrogen content was determined using

the Kjeldahl procedure and phosphorus by the gravimetric
molybdate method

(Horwitz,

1980).
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Effect of Pseudomonas putida (Isolate M17) on
plant development.

The effect of the experimental treat¬

ments on plant development was monitored from germination
until physiological maturity.

The various stages of

soybean development were determined using the descrip¬
tions proposed by Fehr e^

(1971)

(Table 1) .

Compatibility of Pseudomonas putida (Isolate M17)
T>

with the insecticide Carbaryl
1983 growing seasons,

(Sevin ).

In the 1982 and

at all research plots,

tion of the insecticide Carbaryl
the control of Japanese beetles.

one applica-

(Sevin ) was applied for
Carbaryl

(Sevin ) was

applied at a rate of 1.68 kg/HA.
The compatibility of P. putida M17 with Carbaryl
(Sevin ) was tested in the laboratory (Suslow and
Shcroth,

1982a).

P. putida M17 was grown for 24h at

25 C in nutrient broth

(NB, Difco) plus 0.4% casamino

g
acids.

One milliliter of this suspension (c.a.

10

CFU/ml) was placed in 100 ml of an aqueous solution of
p

Carbaryl

(Sevin ).

The solution was then agitated for

Ih in 250 ml Erlenmeyer flasks.
each)

Three aliquots

(0.1 ml

from the flasks were spotted in the center of

petri plates containing Psuedomonas Agar F.
measured after incubation at 25 C for 24h.
was rated as follows:

1)

confluent,

Growth was
Compatibility

abundant growth;
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TABLE 1
STAGES OF SOYBEAN DEVELOPMENT

STAGE NUMBER

VEGETATIVE STAGES

VI

Completely unrolled leaf at the unifoliate node.

V2

Completely unrolled leaf at the first
node above the unifoliate node.

V3

Three nodes on main stem beginning with
the unifoliate node.

V(N)

N nodes on main stem beginning with the
unifoliate node.

STAGE NUMBER

REPRODUCTIVE STAGES

R1

One flower at any node.

R2

Flower at node immediately below the
uppermost node with a completely
unrolled leaf.

R3

Pod 0.5 cm long at one of the four
uppermost nodes with a completely
unrolled leaf.

R4

Pod 2.0 cm long at one of the four
uppermost nodes with a completely
unrolled leaf.

R5

Beans beginning to develop at one of
the four uppermost nodes with a comple¬
tely unrolled leaf.

R6

Pod containing full size green beans at
one of the four uppermost nodes with a
completely unrolled leaf.

R7

Pods yellowing;

R8

95% of pods brown; harvest maturity.

50% of leaves yellow.
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2)

sparse growth;

and 3) no viable cells detectable.

One-thousand micrograms active ingredient of insecticide
Sevin was used in the test.

Greenhouse studies

Root colonization by Pseudomonas putida (Isolate
M17).

Under greenhouse conditions the soybean plants

did not reach their full yield potential.

Therefore,

the effects of the isolate on nodulation and yield under
greenhouse conditions could not be determined.
cedure of Kloepper et

The pro¬

(1980c) was used to follow

rhizoplane colonization by P. putida M17.
Several liters of P. putida M17

(rif^ nal^) were

grown for 48h in NB plus 0.4% casamino acids.

Bacterial

cells were washed and resuspended twice in sterile dis¬
tilled water by centrifugation at 9000 x g for 10 minutes.
Q

The final concentration of bacteria was 10

CFU/ml.

Rhizobium j aponicum formulated as a powdered peat was
then mixed with P. putida M17

(rif^ nal^)

to form a

slurry,
Seeds were soaked for 15 minutes in this coinoculant and planted at a density of 4 seeds/pot.

Pots

were watered immediately following planting and thereaf¬
ter as needed in order to maintain bacterial viability.
The soil utilized in this study was a non-sterilized
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greenhouse mix (Hinckley fine sand field soil:sand:
peat;

1:1:1).

Plants were fertilized with 0-20-20 NPK.

The pH of the soil was adjusted to 6.2 by the addition
of lime.
Each week 20 plants were sampled,

roots carefully

shaken to remove excess soil and 50 cm of root/plant
cut into 5 cm segments using surface disinfested
scissors.

The segments were placed in tubes containing

10 ml of sterile distilled water.

The tubes containing

the segments were then agitated for 1 minute,
standing for 10 minutes,
additional minute.

left

and then reagitated for an

Serial ten-fold dilutions were then

prepared and 0.1 ml of each dilution was plated onto
Pseudomonas Agar F containing 100 Mg/ml each of rifamycin SV and nalidixic acid.

Colony counts were made

after 48h of incubation at 25 C,

and populations

P. putida M17 per centimeter of root determined.
Populations were monitored over a 14 week period.
Retention of antibiotic production by the marked isolate
was also monitored using the soft agar overlay procedure
(Vidaver et al.,

1972).

CHAPTER
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RESULTS

Pseudomonas putida M17 inhibited R. japonicxjm
in vitro

(Figure 1).

The average size of the zone of

inhibition was 12.5 mm when measured from the edge of
the P. putida M17 colony to the start of the R. japonicum
growth.

The size of the zone of inhibition indicated

R. japonicum was strongly susceptible to the antibiotic
produced by P. putida M17.
regger,

1980),

vitro E.

(Hinte-

P. putida M17 was found to inhibit in

carotovora subsp.

Hintegregger

In a previous study

carotovora,

strain EC14.

(1980) also found that P. putida M17 did

not inhibit itself ^ vitro.

Therefore,

as a control,

P. putida M17 was tested for m vitro inhibition against
itself and E.

carotovora subsp.

As in the previous study,
carotovora subsp.

carotovora,

strain EC14.

P. putida Ml7 inhibited E.

carotovora,

strain EC14,

and not

itself.
Despite m vitro antibiosis by P. putida M17
towards R.

j aponicum, under field conditions, nodulation

was stimulated by coinoculation with R. j aponicum and P.
putida M17

(Table 2).

More specifically,

in fields

where soybeans had not been grown previously

32

(Montague

33

Figure 1.
Inhibition of Rhizobium j aponicum
by Pseudomonas putida (Isolate Ml7) using the soft-agar
overlay procedure.
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TABLE 2
INFLUENCE OF PSEUDOMONAS PUTIDA Ml 7 ON NODULATION
OF GLYCINE MAX VAR.

'EVANS'

NODULE NUMBER/PLANT^

SEED TREATMENT

Control
R. japonicum
Ml 7
R. japonicum plus Ml 7

1982^

1 .6a^

1983^

28.8a^

1983^

8.3a^

24.5b

34.8b

32.8b

2.0a

48.3c

12.4a

33.2c

55.2d

71 .8c

^Counts were taken at the R2 growth stage.

2

1982 Nodulation data for the Montague Field site.
1983 Nodulation data for the Montague Field site.

A

1983 Nodulation data for the Kuzmeski Farm site.
^Numbers followed by the same letter are not signifi¬
cantly different at the p = 0.05 level according to
Duncan's New Multiple-Range Test.
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Fields in 1982 and Kuzmeski Farm in 1983) ,

soybean seeds

treated with P. putida M17 plus R. japonicum produced
significantly more nodules than did plants treated with
R, j aponicum alone.

There was no significant difference

in nodule number between non-treated controls and plants
inoculated with P, putida M17,

When the experiment was

repeated at the same Montague Field site in 1983,
ferent results were obtained.

As before,

dif¬

seeds treated

with both bacteria produced plants with significantly
more nodules than control plants or plants inoculated
with either P. putida M17 or R. j aponicum alone.

However,

plants inoculated with P. putida M17 had significantly
more nodules than non-inoculated controls or R.
cum-treated plants.

japoni-

Rhizobium j aponicum-treated plants

did have significantly more nodules than non-inoculated
controls.
In 1983,

the additional parameter of nodule dry

weight was recorded (Table 3).

At Montague Fields,

those plants inoculated with either P.

putida M17 or a

combination of P. putida M17 plus R. 3aponicum developed
nodules that weighed significantly more than non-inoculated controls or plants inoculated with R. j aponicum
alone.

At Kusmeski Farm, no significant difference in

nodule weights between P. putida Ml7- or R. japonicumtreated plants was observed.

Coinoculated soybean seeds
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TABLE 3'
INFLUENCE OF PSEUDOMONAS PUTIDA Ml 7 ON NODULE DRY
WEIGHTS OF GLYCINE MAX VAR.

‘EVANS'

NODULE WEIGHT (g)/plant’

SEED TREATMENT

Control

MONTAGUE FIELD^

.634a^

KUZMESKI FARM

.3533^

R. japonicum

1 .86 b

.738b

Mi7

3.41

.615ab

R. japonicum plus Ml 7

3.95 c

c

1.18c

^Nodule dry weights were taken at the R2 growth stage.

2

This data was obtained only during the 1983 growing
season.
3
Numbers followed by the same letter are not signifi¬
cantly different at the p - 0.05 level according to
Duncan's New Multiple-Range Test.
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resulted in plants with significantly higher nodule
weights than non-inoculated controls or plants inoculated
with either bacterium separately.
Nodule location on the root system varied depending
on the seed treatment.

In general,

Fields and in 1983 at Kuzmeski Farm,

in 1982 at Montague
seeds inoculated

with P. putida M17 and non-inoculated controls produced
plants with a few nodules scattered over the lower fibrous
root system.

The root systems obtained from seed treat¬

ment with R. japonicum alone or both bacteria, had
numerous nodules concentrated primarily on the upper
tap root.

Interestingly,

gue Fields in 1983,

all plants harvested from Monta¬

regardless of treatment,

had root

systems with nodules concentrated on the upper tap and
fibrous roots.
Shoot and root dry weights

(Table 4) were recorded

from the same plants used for nodule counts and weights.
At those sites where soybeans had not been grown pre¬
viously,
trols,

the shoot dry weights for non-inoculated con¬

P. putida M17- or R.

japonicum-inoculated plants

did not differ significantly from one another.

Seeds

inoculated with both bacteria produced plants with signi¬
ficantly higher shoot dry weights than plants from any
other treatment.
Montague Fields,

When the experiment was repeated at
shoot dry weights were signficantly

INKUIKNCK OF PSEUIXUIONAS PUTIDA Ml 7 ON SHOOT AND ROOT
CO

>•

u:

Nvu\iboi‘s followoH by the sdwo letter are not significantly different vat the
0,05 level vacoording to Duncan's New Itultiv^lo-Rvange Test,
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lower for control plants compared to those treated with
one or both of the bacterization agents.

Seed treatment

with either P. putida M17 or both P. putida M17 and R.
japonicum resulted in plants with higher shoot dry weights
than those inoculated with R. j aponicum alone.
In 1982,

at Montague Fields,

the root dry weights

followed the same trend as the shoot dry weights.
1983,

at this same site,

In

control plants and R. japonicum-

inoculated plants did not differ significantly in root
dry weights.

Pseudomonas putida M17 and coinoculated

plants had similar root dry weights, both of which were
significantly higher than those of the plants from the
other two treatments.

Furthermore, visual differences

between the root systems were much more striking in the
second year (Figure 2).

At Kuzmeski Farm,

the root dry

weights followed the same trend as the shoot dry weights.
In both years,

at each location,

significant differences

were not observed between treatments with regards to the
shoot to root ratios

(Table 5).

Where the experiment was being performed for the
first time

(Montague Fields in 1982 and Kuzmeski Farm

in 1983),

seed yields were highest for the combination

treatment

(Table 6).

No significant difference occurred

between plants inoculated with either R.
P. putida M17.

aponicum or

Non-inoculated control plants produced

Figure 2.
Variation in the size of the root
systems of soybean plants as a result of seed treatment
with bacterization agents.
(Clockwise from upper right)
R. japonicum; P. putida (Isolate M17) plus R. japonicum;
F. putida "(TsoTate M17); Control.
These root systems
were sampled from Montague Fields in 1983.

n

42

43

TABLE 5
INFLUENCE OF PSEUDOMONAS PUTIDA Ml 7 ON THE SHOOT
TO ROOT RATIO OF GLYCINE MAX VAR.

'EVANS'

SHOOT TO ROOT RATIO (g)/PLANT
SEED TREATMENT

1982’

1983^

1983^

Control

17.5^

19.2^

18.9^

R. japonicum

19.1

20.5

23.6

Ml 7

17.7

17.4

20.5

R. japonicum plus Ml 7

22.4

17.3

17.0

^1982 Data for the Montague Field site.
2

1983 Data for the Montague Field site.
1983 Data for the Kuzmeski Farm site.

^No significant differences among treatments.
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the lowest seed yield.

Among the components of seed

yield, only the pod number per plant showed significant
differences between treatments

(Table 6).

As with seed

yield, pod number per plant was highest for the combina¬
tion treatment,

lowest for the non-inoculated controls

and P, putida M17-inoculated plants did not differ sig¬
nificantly from R. japonicum-inoculated plants.

When

the entire experiment was repeated at Montague Fields
in 1983,

seed yields were highest for the P. putida MIT-

treated and coinoculated plants

(Table 6).

These two

treatments did not differ significantly from one another.
In addition, seed yields of nontreated control plants
and R. japonicum-treated plants were statistically
similar.

Pod number per plant was the only component

of seed yield to have any significant differences between
treatments, and these differences between treatments
followed the same trend as for seed yield.

Table 7

summarizes the results of the seed yield components
other than pod number.

It should be noted that a multi¬

plication of the components of seed yield results in pro¬
jected yields not equal to observed yields.

The data

used to calculate the number of seeds per pod was based
on total pod number which included both productive and
nonproductive pods.

Consequently, the values for the

number of seeds per pod are lower than they actually
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should be and the pod number higher.

In this study, the

number of seeds per pod did not differ significantly
among treatments.
treatments.

Seed size was also stable across

Other studies (Herbert and Litchfield, 1982)

have also shown the seed number per pod and seed size to
be stable components of seed yield across treatments.

If

the seed nimaber per pod is calculated using productive
pods only, the value is usually stable at 2.25 seeds/pod
(Herbert and Litchfield, 1982).

Thus, since the seed

number per pod did not differ significantly among treat¬
ments, if for all treatments the value for seed nimiber
per pod is adjusted to 2.25, and the pod number per
plant calculated using this number, the projected and
observed seed yields become closer in value (Table 8).
Plants harvested for yield component analysis
were then examined for differences in height (Table 9)
and the nijmber of nodes on the main stem (Table 10) , None
of the treatments had an effect on these two parameters.
Phosphorus and nitrogen content of the seeds are
shown in Table 11.

None of the treatments had an effect

on the phosphorus content of the seeds.

Significant

differences among treatments with regard to the nitrogen
content of the seeds were observed only at Montague
Fields in 1982.

Here, control plants and P. putida

M17-treated plants produced seeds with a significantly
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TABLE 8
INFLUENCE OF PSEUDOMONAS PUTIDA Ml 7 ON THE NUMBER
OF PRODUCTIVE PODS OF GLYCINE MAX VAR.

'EVANS’

PRODUCTIVE PODS/PLANT^
SEED TREATMENT

1982^

Control

11.9a^

R. japonicum

18.0b

17.1 ab

9.2b

Ml 7

15.0ab

37.8b

6.9ab

R. japonicum plus Ml 7

25.5c

30.0b

1

1983^
8.8a^

1983^
2.3a^

21 .6c

Calculated by the following equation'

„
,
r) j _
Seed Yield__
Productive Pod
(plant Density x 2.25 x Seed Size)
2.25 = Adjusted Value for the Number of Seeds per Pod.
^1982 Data for the Montague Field site.
1983 Data for the Montague Field site.
^1983 Data for the Kuzmeski Farm site.
^Numbers followed by the same letter are not signifi¬
cantly different at the p = 0.05 level according to
Duncan's New Multiple-Range Test.
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TABLE 9
INFLUENCE OF PSEUDOMONAS PUTIDA Ml 7 ON THE HEIGHT
OF GLYCINE MAX VAR.

'EVANS'

HEIGHT (CM)/PLANT
SEED TREATMENT

1982^

1983^

1983^

Control

52.4^

75.6^

62.5^

R. japonicum

74.6

72.4

68.5

Ml 7

54.6

79.1

77.8

R. japonicum plus Ml 7

88.8

79.8

80.1

^1982 Data for the Montague Field site.
2

3

1983 Data for the Montague Field site.
1983 Data for the Kuzmeski Farm site.

^No significant differences among treatments.
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TABLE 10
INFLUENCE OF PSEUDOMONAS PUTIDA Ml 7 ON THE NUMBER OF
NODES ON THE MAIN STEM OF GLYCINE MAX VAR.

'EVANS'

NUMBER OF NODES ON MAIN STEM/PLANT
SEED TREATMENT
Control
R. japonicum
Ml 7
R. japonicum plus Ml 7

1982^

1983^

1983^

8.9^

9.5^

8.1^

10.3

9.8

7.6

9.4

8.8

8.8

11 .3

9.9

9.6

^1982 Data for the Montague Field site.
2

1983 Data for the Montague Field site.
1983 Data for the Kuzmeski Farm site.

^No significant differences among treatments.
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lower nitrogen content than seeds of plants treated
with R. japonicum

or R. j aponicum plus P. putida M17.

It should be noted that at Montague Fields in
1983, extensive woodchuck damage to the plants occurred.
As a result, at harvest two complete replications were
missing.

Therefore, seed yield, yield components,

height, number of nodes on the main stem, and phosphorus
and nitrogen seed content, represent results based on
four blocks rather than six.
Regardless of the treatment, all plants germinated
and reached the various soybean developmental stages
at the same time.

Early in the season at Montague Fields

in 1982, non-inoculated controls and P. putida M17treated plants were chlorotic and smaller in size than
R. japonicum- or P. putida M17 plus R. japonicum-treated
plants.(Figure 3).

These differences were not apparent

at the time of harvest.

When the experiment was repeated

in 1983 at Montague Fields,

these early season differences

in color and size did not occur.

At Kuzmeski Farm,

subtle differences in coloration and size were observed.
Due to high populations of Japanese beetles,

in

both growing seasons, one application of the insecticide
T>

Carbaryl (Sevin ) at a rate of 1.68 kg/HA was made for
their control.

The effect of this insecticide on P.

putida M17 was tested in the laboratory.

Carbaryl
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Figure 3.
Early season differences in colora¬
tion and size of soybean plants at Montague Fields in
1982.
Non-treated controls and P. putida (Isolate M17)
treated plants appear chlorotic and smaller in size
than R, japonicum or R. japonicum plus P, putida
(Isolate Ml7) treated plants.
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(Sevin ) was found to have no effect on the survival
and growth of P. putida M17.

In all trials, bacterial

growth was confluent and abundant.
Under greenhouse conditions, P. putida (M17)
(rif

R

R
nal ) was capable of colonizing the rhizoplane

of the soybean cultivar 'Evans.'

After the first week

following plant emergence, the initial population of
10

g

CPU/cm of root began to decline.

At the end of 14

weeks, the bacterium was still detectable at 10
of root (Table 12 and Figure 4).
M17 (rif
nodules.

R

2

CFU/cm

Pseudomonas putida

R
nal ) did not colonize the surface of the
The remainder of the tap root and fibrous roots

were colonized evenly.

The isolate retained its

ability for antibiotic production throughout the 14 week
period.
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TABLE 12
POPULATIONS OF PSEUDOMONAS PUTIDA Ml 7 ON THE
RHIZOPLANE OF GREENHOUSE GROWN SOYBEAN
PLANTS (CULTIVAR ’EVANS')

PSEUDOMONAS PUTIDA (ISOLATE Ml 7)^

1

1 .0

X

10®

2

7.0

X

10^

3

5.0

X

10®

4

6.2

X

10^

5

4.1

X

10^

6

3.9

X

10®

7

3.8

X

10®

8

3.0

X

o
o^

WEEKS AFTER
EMERGENCE

9

5.0

X

10^

10

8.0

X

10®

1 1

8.9

X

10®

1 2

8.5

X

10^

1 3

7.9

X

10®

14

7.1

X

10^

^Colony forming units/cm of root.
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Figure 4.
Survival of Pseudomonas putida
(Isolate M17) on the rhizoplane of greenhouse grown
soybean plants (Cultivar 'Evans').

WEEKS AFTER EMERGENCE
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DISCUSSION
Pseudomonas putida Ml7 inhibited R. japonicum in
vitro.

This ^ vitro antibiosis towards R. japonicum

by P. putida M17, was not indicative of nodulation re¬
sults in the field.

At sites where soybeans had not

been grown previously (Montague Fields in 1982 and Kuzmeski Farm in 1983), soybean plants treated with P.
putida M17 did not differ significantly in terms of nodu¬
lation from non-inoculated controls.

The lack of nodula¬

tion and hence nitrogen fixation, may account for the
j

early season chlorotic, stunted appearance of the controls
and P, putida M17-treated plants.

The few nodules that

did form were scattered on the lower fibrous roots indi¬
cating they were formed late in the season (Nutman,

1976),

probably as a result of contamination from nearby plots
through watering or hoeing.
The entire study was repeated in 1983 at Montague
Fields using the same piece of land as in 1982.

In 1983

at Montague Fields, prior to planting, the entire area
was plowed and fertilized.

Thus, any residual population

of R„ japonicum or P. putida M17 from the previous year
would have been dispersed throughout the area.

59

With
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residual populations of R. japonicum throughout the field,
the addition of P. putida M17 alone resulted in nodulation
data resenbling that obtained from seed intentionally
coinoculated at planting with R. japonicum and P. putida
M17.

It would appear that P. putida M17 did not survive

at all or in high enough numbers from the previous year
to effect subsequent inoculation trials.

Otherwise,

there would have been no difference among any of the
treatments; all treatments would have resulted in nodula¬
tion data resembling that observed from inoculation of
seeds with both bacteria.

Those nodules that did form

on the controls were probably the result of residual
populations of R. j aponicum from the previous year.
Furthermore, the number of nodules present on the noninoculated controls and R. j aponicum-treated plants was
not as high as the number of nodules present on the root
systems of coinoculated plants or P. putida M17-treated
plants.

The nodule nijmber of P. putida M17-treated

plants and control plants in 1983 at Montague Fields
was much higher than these same treatments in 1982 at
Montague Fields.

Thus, since nodulation and hence nitro¬

gen fixation were adequate, no differences in plant color
or size were observed among treatments.

In addition, for

all treatments, nodules formed on the upper tap and

61
fibrous roots,

indicating that they were initiated early

in the growing season and were not wholly the result of
contamination from nearby plots late in the season
(Nutman,

1976).

At maturity, seeds from all treatments were analy¬
zed for nitrogen content.

In 1982 at Montague Fields,

control plants and P. putida M17-treated plants produced
seeds with a significantly lower nitrogen content than
seeds of plants treated with R.
nicum and P. putida M17.
lation data.

japonicum or both R.

japo-

These results reflect the nodu-

In 1983 at Montague Fields, the nitrogen

content of the seeds did not differ significantly among
treatments.

These results were not surprising since all

plants, regardless of treatment were nodulated to a
greater extent than the previous year as a result of
residual populations of R.

japonicum.

At Kuzmeski Farm,

since the control plants and P. putida M17-treated
plants had significantly lower numbers of nodules than
coinoculated or R.

japonicum-treated plants, it was

expected that the nitrogen content of the seeds at matu¬
rity would reflect these results.

However, no signifi¬

cant differences were observed among treatments with
regard to nitrogen content of the seed.

The reasons for

these results was not determined.
Nodule effectiveness can be judged qualitatively
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by color.

Generally, nodules pink in color are effec¬

tive whereas those white in color are ineffective (Nutman, 1976).

It has also been observed that larger

nodules are capable of fixing more nitrogen than smaller
nodules (Nutman, 1976).

In this study, regardless of

treatment, nodules were pink in color.

In 1983 at Monta¬

gue Fields, those plants whose seeds were inoculated with
P. putida M17 or both P. putida M17 and R.

japonicum pro¬

duced nodules that weighed significantly more than the
nodules of plants whose seeds were not treated with a
bacterium or treated with R.

japonicum alone.

At Kuzmeski

Farm, nodule weights were significantly highest from
coinoculated plants.

Despite the significantly lower

number of nodules on plants treated with P. putida M17
compared to R.

japonicum-treated plants, those nodules

that were produced did not differ significantly in terms
of weight from R.

japonicum-treated plants.

These re¬

sults indicate that P. putida M17 does not interfere with
the production of efficient nitrogen-fixing nodules.

It

would have been valuable to determine quantitatively,
through the acetylene reduction assay, the actual amount
of nitrogen being fixed by plants from differing treat¬
ments .
Seed yields in 1982 at Montague Fields and in 1983
at Kuzmeski Farm were highest among plants originating
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from seed treatment with both P. putida M17 and R.
nicum.

-japo-

Despite the lack of nodulation by P. putida M17-

treated plants compared to R. japonicum-treated plants,
seeds treated with P. putida M17 resulted in plants that
produced seed yields not significantly different from
plants resulting from seed treatment with R. japonicum.
VJhen the experiment was repeated at Montague Fields in

1983, seed yields were significantly highest for the
P. putida M17 treatment and combination treatment.

No

significant differences in seed yield were observed
between control plants and R. japonicum-treated plants.
These results like the nodulation data, imply that resi¬
dual populations of R.

j aponicum from the previous year

were enhanced by the addition of P. putida M17.
In most studies with soybeans, it has been found
that of the components of seed yield, seed size and the
number of seeds per pod are the most stable whereas the
number of pods per plant is much more variable (Herbert
and Litchfield, 1982).

In this study, seed size and the

number of seeds per pod were also the most stable among
treatments.

Differences in the number of pods per plant

were responsible for the observed differences in seed
yield.

It was not surprising that no signficiant dif¬

ferences among treatments were observed for plant density
as all treatments were seeded at the same rate or plant
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populations adjusted through thinning.
The mechanism that causes the observed increase
in seed yield was not determined. In localities where
soybeans had not been grown previously, and therefore
R. japonicum was not indigenous, seed treatment with P.
putida M17 resulted in non-nodulated plants that pro¬
duced a seed yield comparable to that of well nodulated
R. j aponicum-treated plants.

This would seem to indicate

that the mechanism involved is not related to interactions
leading to increases in nodulation.

However, treatment

of seeds with both bacteria results in plants with
greater nodulation than seed treatment with R. j aponicum
alone.

Similarly, in these same plants, seed yield was

higher than that of plants resulting from seed inocula¬
tion with either bacterium separately.
Mineralization of soil phosphates by fluorescent
pseudomonads, has been implicated as a possible mode of
action leading to enhanced growth after bacterization
with these microorganisms

(Brown, 1974; Cooper, 1959).

It can be speculated that P. putida M17 increases the
availability of phosphorus to the plant, which, in turn,
may allow the plant to produce a seed yield comparable to
that obtained through seed treatment with R. j aponicum
In the coinoculation treatment, P. putida M17 may make
phosphorus more available to R. j aponicum as well as the
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plant.

Nodulation by R. japonicum may be increased as

a result of increased phosphorus (Nutman, 1976).
Increased nodulation resulting in greater nitrogen fixa¬
tion could be responsible for the greater seed yields
produced from plants treated with both bacteria compared
to those inoculated with either bacterium separately.
The P. putida isolate utilized in this study has been
shown to produce 2-ketogluconic acid in culture (Grimes,
1982).

This compound is a strong chelator of phosphorus

(Louw and Webley, 1959).

However, the close association

between the production of this compound and the metabo¬
lism of the microorganism, which is,

in turn, influenced

by many other factors, make the role of this acid in soil
uncertain (Katznelson and Bose, 1959).

In the present

study, in both years, at both locations, the phosphorus
content of the seeds at maturity did not differ signifi¬
cantly among treatments.

Future studies might focus on

an analysis of soybean growth and nutrient uptake pat¬
terns among treatments.
Hormones may also have a role in stimulating soy¬
bean nodulation and seed yield.

When the entire experi¬

ment was repeated at Montague Fields in 1983, the roots
of P. putida M17- and P. putida M17 plus R.

japonicum-

treated plants were elongated and the fibrous roots more
prolific compared to controls or R.

japonicum-treated
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plants.

Researchers

(Brown, 1974; Brown and Walker,

1970) have reported similar changes in root development
as a result of treatment with auxins.

It may be that

production of hormones by P. putida M17 resulted in lar¬
ger root systems that in turn allowed for higher concen¬
trations of phosphorus to be absorbed.

As previously

stated, phosphorus is important for nodulation as well
as nitrogen fixation (Axcon-Aguilar and Barea, 1978;
Nutman, 1976).

Further attempts should be made to deter¬

mine if hormones are produced by P. putida M17.
From the present study,

it was difficult to ascer¬

tain the role of antibiotic production in relation to
increased seed yields.

While P. putida M17 is capable

of inhibiting R. japonicum in vitro, under field condi¬
tions the antibiotic may have become inactivated due to
absorption onto clay or humus particles, microbial degra¬
dation, or pH conditions
1974).

(Baker, 1968; Baker and Cook,

Alternatively, P. putida M17 and R. japonicum

may occupy different locations on the roots.

Therefore

the antibiotic(s) produced by P. putida M17 could be
active against microorganisms other than R.- j aponicum.
In greenhouse studies, P. putida M17 did not colonize
the surface of the nodules.

The production of stable

mutants of P. putida M17 lacking the ability to produce
the antibiotic(s), would aid in determining if increases
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in nodulation and seed yield are due to the elimination
of deleterious microorganisms by P. putida M17.

Elimina¬

tion of deleterious microorganisms may result in a
healthier root system (Suslow e^

, 1979).

Thus, when

seeds were treated with P. putida M17 alone, healthier
roots than those of R. japonicum-treated plants may have
been the result.

This may compensate for the lack of

nodulation and result in seed yields similar to that
proudced by R. j aponicum-treated plants.

When seeds were

treated with both bacteria, a healthier root system may
have supported more nodulation which in turn, led to
increased seed yields.

Further research is needed to

see if nodulation and seed yield increases occur when
inoculation is with mutants lacking the ability to pro¬
duce the antibiotic(s).

If seed yields were maintained

then antibiosis would not be the mechanism or only
mechanism involved.
In vitro antibiosis for some strains of plant
growth-promoting pseudomonads, is related to the produc¬
tion of fluorescent pigments called siderophores
and Hancock, 1982).
transport agents

(Schroth

Siderophores are microbial iron

(Kloepper e^ al., 1980a; Kloepper et

al., 1980b; Suslow, 1982; Suslow and Schorth, 1982b).
Microorganisms that produce siderophores efficiently
chelate environmental iron, making it less available to
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other microorganisms.
1983),

In a previous study (Colyer,

antibiosis by P.

putida M17 was found not to be

related to siderophore production.

The addition of

ferrous or ferric iron to the culture medium did not
reverse the inhibitory effect of P. putida M17 towards
E.

carotovora subsp.

carotovora,

strain EC14.

In the

presence of excess iron siderophores are not produced,
since the supply of iron is no longer limiting (Kloepper,
et al.,

1980a; Kloepper e^ a^. ,

1980b).

Thus,

if anti¬

biosis had been related to siderophore production,

the

addition of iron to the medium would have suppressed
siderophore production which would in turn prevent
antibiosis.
Under greenhouse conditions,

P.

putida M17 was

capable of surviving on the rhizoplane of

'Evans'

soy¬

beans, but it is difficult to ascertain the reason for
decline in P. putida M17 populations.

Such declines

have been attributed to soil factors such as aeration,
fertilization, moisture,
al,

1977;

Burr e^ al^. ,

and temperature

1978; Eklund,

(Broadbent e^

1970).

Variations

in rhizoplane populations have been associated with
plant age

(Baker,

1978).

The population of P.

putida

M17 fluctuated up and down during the first six weeks
after plant emergence.

This may have been due to dif¬

ferences in the root exudates released by the plant
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over time.

Despite the population decline,

P.

putida

M17 could still be detected at the end of 14 weeks,
thereby verifying its survival capabilities.
In selecting and/or labelling strains of micro¬
organisms with resistance to various antibiotics,

some¬

times other desirable characteristics such as the pro¬
duction of inhibitory compounds are lost

(Burr ^ al^. ,

1978;

it was important

Suslow et al.,

that P. putida M17

1982a).

Therefore,

(rif^ nal^)

duce its antibiotic(s)

retained ability to pro¬

throughout the 14 week period.

Since the bacterium has been successfully labelled
and its survival under greenhouse conditions demonstrated,
population studies with the marked isolate under field
conditions should be conducted.

The relationship,

if

any, between populations of P. putida M17 and soybean
plant development could be determined.

It would also

be interesting to label R. .japonicum and follow its popu¬
lation fluctuations as well as its colonization of the
rhizoplane in relation to its interactions with P.
putida M17.
If P.

putida M17 is to be used successfully as a

plant growth-promoting rhizobacterium on soybean,

its

compatibility with commonly used pesticides is impor¬
tant.

In this study the only pesiticide used was

Carbaryl

(Sevin^),

and

vitro the growth of P. putida
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M17 was not effected by this compound.
cides were not applied in this study,

Although herbi¬
in the commercial

production of soybeans they are used extensively.

Thus,

laboratory tests for compatibility of P. putida M17
with these substances may be important in the future.
In summary, P. putida Ml7 appears to be useful
as a bacterization agent for improved soybean production.
In sites where soybeans were being grown for the first
time the application of P. putida M17 alone did not
result in seed yields greater than that obtained when
inoculated with R. japonicum,
practice.

the current commercial

Dual inoculation of soybean seeds with R.

japonicum and P. putida M17 resulted in seed yields
greater than that obtained with inoculation of R. j apo¬
nicum alone.

Once R. j aponicum is established,

it may

only be necessary to inoculate with P. putida M17 since
results from this study indicate that nodulation and
seed yield were statistically higher for P. putida M17treated plants compared to plants inoculated with R.
j aponicum when the entire experiment was repeated a sec¬
ond time at Montague Fields in 1983.

In addition, while

nodulation was significantly higher for coinoculated
plants compared to P. putida M17-treated plants, no signi¬
ficant differences between seed yields of P. putida M17and P. putida M17 plus R. j aponicum-treated plants were
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observed at Montague Fields in 1983.
Of course, more extensive experimentation at
several locations, with several soybean varieties,
several years,

over

is necessary to completely substantiate

the use of P. putida M17 in soybean production.

The

effects and interactions of P. putida M17 with crops
commonly used in rotation with soybean needs to be
determined.

The impracticality of using liquid suspen¬

sions to inoculate seeds commercially, has already been
stressed by researchers
1975;

Baker and Cook,

Suslow and Schroth,

(Backman and Rodriguez-Kabana,

1974;

1982b).

Kloepper and Schroth,
Therefore,

is to be used on a large scale,

1981a;

if P. putida M17

future efforts to

develop formulations that can maintain high populations,
and still be compatible with modern agricultural equip¬
ment are needed.
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